Background
Carpal Tunnel Syndrome (CTS) affects roughly 3%-6% of the working population ages 18-64 [1] . This affliction is caused by applying stress on the median nerve that is routed through the carpal tunnel while it is at a positive or negative angle, greater than 15 degrees in either direction, to the human wrist [2] . The median nerve can become inflamed and swollen due to pressure from the palmar carpal ligament causing numbness, stiffness and in some cases severe pain. Tasks like typing can become nearly impossible when the median nerve is inflamed. A number of products on the market and research prototypes have been suggested that try to alleviate CTS strains, however, these designs are generally passive e.g. braces, splints, etc. Instead of actively trying to adjust the wrist angle, the general trend is to prop the wrist up with some sort of rigid ramp, similar to the bottom of a keyboard [3] . The goal of this work is to design a wearable, soft-actuated, robotic sleeve that will dynamically adjust the position of the wrist in real-time to a neutral angle to prevent or release CTS strains.
Methods
Functional requirements for the device were identified by contextual discussions with clinicians and literature review. The design of an assistive device such as this must be comfortable for a user to wear for a long period of time and made of materials that allow the skin to breath. The device must also be able to detect the changes of the wristplane angle in real-time and actively adjust the airbags to move the wrist plane and return it to a neutral state. Additionally, dynamically-adjustable cushioning support is required on the proximal side of the palm that can conform around objects and surfaces to provide comfort and height adjustment as well as to not interfere with typing. Additionally, safety requirements such as the ability to release pressure quickly are also included and the device must be designed with cost in mind to allow for a wider range of applications and fitments. Figure 1 shows the design of the device, which offers easy donning and doffing and is able to sense improper positioning of the wrist utilizing information provided from an embedded inertial measurement unit (IMU) sensor. This device is created using a sturdy, elastic fabric sleeve, and two heat sealable thermoplastic airbag actuators. The control system includes a microcontroller and utilizes pressure sensors to record the internal pressures of the actuators and an IMU to detect the position of the wrist.
The two-airbag system is designed to have one bag located at the lower part of the sleeve, to help lift the wrist and the other at the top that gently flexes the wrist, as shown in Fig. 1 . Both airbags are sewn onto an elastic sleeve that can be worn like a glove. Two thin and inextensible hook and loop straps are also attached to comfortably secure the sleeve to the hand allowing for adequate torque generation about the wrist and soft force distribution when the airbags are pressurized. Additional loop straps are strategically sewed on locations around the airbags to ensure they are not swelling radially when pressurized. An IMU is also fixed on the upper part of the wrist, under the airbag. The correction of the wrist angle is achieved by dynamically pressurizing the soft actuators (bags 1 and 2) that comfortably assist the user's joint in the return to a neutral angle.
The upper airbag design (bag 1) consists of one eightflanged thermoplastic polyurethane (TPU) bladder inside of a fabric cover. Figure 2A shows the implemented design and small volume space the 6-mil thick TPU bladder is occupying when it is not pressurized. The arrangement of the eight units is shown in Fig. 2B . The first seven pleated units are designed to achieve the wrist flexion requirement by having a different upper and lower length which is illustrated in Fig. 2C . The ratio of the upper length to the lower length for each unit is 3.0:1.0 for this pleated structure. The length and width of each unit is 6.350 cm (2.5 in) and 1.905 cm (0.75 in). The eighth unit has the same upper length and lower length as 1.905 cm where the valve is inserted into the bag. An impulse heat sealing machine with 2 and 5 mm wide effective sealing widths was used to seal the inner sides between units and the outer sides, respectively. When bag 1 is pressurized, the bladder bends longitudinally and contracts transversely, as shown in Fig. 2D . The fabric cover is designed to have a similar structure that allows the bladder to bend freely longitudinally, but restricting radial expansion when it is pressurized.
The lower airbag design (bag 2) is designed to lift the wrist up by a height similar to the one of a keyboard. Its design is comprised of a three-unit TPU bladder and a fabric outer cover. The size of each unit is 6.350 cm (2.5 in) by 5.080 cm (2 in). All three bladder units have the same upper and lower length as it is not required to bend.
Two separate motion experiments were conducted on a passive hand model to demonstrate the functionalities of bag 1 and bag 2 respectively. A tri-camera motion caption tool (OptiTrack V120: TRIO) was used to capture the location of three infrared markers in 3D space. The three markers were fixed to the side of the hand model, one behind the wrist, one at the wrist joint and one near the joint of the index and the palm. All of the markers were placed in a straight line along the length of the model when the wrist angle was zero. In the first experiment, a 200-gram weight was used to lift the passive hand up to a certain angle which needs to be adjusted to neutral position by the bag 1. Three measurements were taken during the test in addition to motion tracking; the pressures for both airbags and the IMU roll reading which provides a relative angle derived from the on-board accelerometer. The angle was also calculated using the position of the markers from motion tracking to compare with the IMU reading. The second experiment demonstrated the function of the bag 2 that it acts as a cushion to help lift the wrist up by a height similar to the one of a keyboard. The hand model was relaxed on the ground plane and only the bag 2 was inflated. The bag 2 pressure and the motion tracking data were collected and the displacement (height) from the ground plane of the wrist marker was analyzed. All the measurements were time synchronized and the analyzed data can be used to determine the function of the airbags. Figure 3A shows the results in the first experiment. The top left hand model shows the initial position of the extended wrist. The data was recorded when the bag 1 started inflating. As the pressure of the bag 1 increases from zero to the set maximum pressure (62 kPa), both the angle from IMU and motion tracking decreases quadratically from around 65 degrees to zero degrees in the first 9 seconds. After that, all the markers are aligned, the pressure is maintained at the set value, and the IMU readings indicate that the angle is around the neutral wrist plane, as defined for the purposes of this experiment. In this experiment the bag 2 remained deflated to clearly illustrate bag's 1 function. Figure 3B indicates a rise in both bag 2 pressure and vertical height of the wrist. The device is capable to lift the wrist from the height 4.8 cm to 6.8 cm measured from the top of the ground plane. The increment 2.0 cm is slightly higher than a measured keyboard height (1.9cm). This lift was produced by a total pressure of 31 kPa. The angle of the wrist plane is not included in this experiment as the bag 2 is responsible for increasing the distance from the table to the wrist and providing a cushion for the user instead of changing the angle of the wrist plane.
Results

Interpretation
This paper produced results that showcase the proposed device's ability to move a typist's wrist into a neutral position. When bag 1 of the device inflates, the pleated structure lets it bend and apply a rotational moment onto the user's hand, to help reduce the angle to a neutral position. Typing in a neutral wrist angle can help reduce the applied strain to the palmar carpal ligament as well as the inflammation and swelling of the median nerve [4] . By inflating the bottom bag, the wrist sits on a cushioned surface which is at the same height level of the keyboard to provide more comfort for the user. Using the airbag actuators allows the device to use low pressures when making corrective actions, which decreases power requirements and the likelihood of a failure in the device. Future work involves redesigning the airbags to achieve more degrees of freedom, clinically confirming the relief of CTS, shrinking the device size and improving the details of the design to make it more portable for ease-of-use.
